Since their discovery 20 years ago, miRNAs have attracted much attention from all areas of biology. These short (B22 nt) non-coding RNA molecules are highly conserved in evolution and are present in nearly all eukaryotes. They have critical roles in virtually every cellular process, particularly determination of cell fate in development and regulation of the cell cycle. Although it has long been known that miRNAs bind to mRNAs to trigger translational repression and degradation, there had been much debate regarding their precise mode of action. It is now believed that translational control is the primary event, only later followed by mRNA destabilisation. This review will discuss the most recent advances in our understanding of the molecular underpinnings of miRNA-mediated repression. Moreover, we highlight the multitude of regulatory mechanisms that modulate miRNA function.
Facts miRNA-mediated translational repression is a pre-requisite for target mRNA degradation. RNA helicases are critical to the inhibition of translation initiation by miRNA. Modifications of RISC components have critical roles in controlling the miRNA pathway. Competing endogenous RNAs constitute one of the mechanisms through which miRNAs can be removed from target mRNA. Relief from miRNA-mediated repression has been documented for specific mRNAs in stress conditions and in response to stimuli.
Open Questions
What is the contribution of the Ccr4-NOT complex to translational repression? What is the precise role of DEAD-box helicases in miRNA mechanism? Are all miRNA-repressed mRNAs bound by the same complement of proteins or can the extent and timing of the repression be mediated by different complexes? Is relief of miRNA-mediated repression a widespread phenomenon? miRNAs function primarily by imperfectly base pairing with the 3 0 -untranslated region (3 0 UTR) of target mRNAs to negatively impact their protein output. The dysregulation of miRNA expression in many disease conditions has been thoroughly documented (for details see Croce   1 ). In addition, extensive shortening of mRNA 3 0 UTRs, which causes loss of miRNA target sites resulting in the post-transcriptional upregulation of critical oncogenes, has been observed in cancer cells ( Figure 2d ).
2,3 Conversely, lengthening of 3 0 UTRs and thus an increase in the number of potential miRNA binding sites in mRNAs has been observed during mouse embryonic development. 4 These are just some of the indications that miRNAs play a very important role in determining cell fate, and alterations in their regulatory ability can lead to pathological dedifferentiation.
As required sequence complementarity with the target mRNA only spans a fraction of the miRNA's length, each miRNA has hundreds of potential targets, which implicates them in nearly every biological pathway. 5 Much effort has in recent years been put into creating a unified model by which miRNAs exert their repressive role on gene expression. Initial work suggested that miRNAs primarily affected the translation of the target mRNA 6 and much evidence has accumulated to support this model. Subsequently, it was shown that association of miRNA-bound RNA-induced silencing complex (miRISC) with target mRNAs also resulted in deadenylation-dependent target mRNA decapping and degradation. [7] [8] [9] [10] [11] [12] [13] [14] Understanding the relative contribution and temporal characteristics of how translational repression and mRNA destabilisation contribute to miRNA-mediated control of gene expression is central for defining the biological impact of miRNAs as well as for the development of strategies to address pathologies involving their dysregulation.
miRNAs and their Targets
Our current understanding of miRNA target recognition suggests that the miRNA, following extensive processing (for reviews covering miRNA biogenesis, see Tran and Hutvagner, 15 Graves and Zeng 16 and Finnegan and Pasquinelli 17 ) , is bound and presented by the RNA-induced silencing complex (RISC). The miRISC then associates with a target mRNA, usually within its 3 0 UTR. 5, 18 In most cases, there seems to be a requirement for complementarity between the mRNA and bases 2-8 of the miRNA (known as the seed sequence) 19 and a certain degree of interaction with the miRNA 3 0 end to ensure thermodynamic stability. 5 Whereas there are hundreds of potential mRNA targets for each miRNA, based on the presence of seed complementarity and theoretical free energy of interaction, the actual principles of target recognition remain obscure. A recent study suggested that the presence of methylation of the N6 position of adenosine within the mRNA itself might contribute to target selection. 20 The identification of true miRNA targets has been the topic of extensive research, and there is emerging evidence that the full impact of some miRNAs upon their targets may only be seen in very specific conditions, such as particular developmental stages, 10 stress, 21 response to certain environmental queues and extracellular signalling. 22 This allows miRNAs to participate in the precise fine-tuning of gene expression, adding an additional level of complexity to the regulation of an mRNA.
There is some debate as to whether most miRNAs have one primary mRNA target or whether they exert their effect by targeting multiple mRNAs at once (Figure 1b) . Indeed, certain miRNAs have been shown to have an impact on mRNAs that participate in a common cellular pathway (for example, see Judson et al. 23 ). Conversely, a single mRNA might be jointly regulated by more than one miRNA (Figure 1b) , as in the example of p21/Waf, which is targeted by many miRNAs. 24 Some studies have attempted to identify the targets of individual miRNAs within a limited number of cell types or conditions. 25, 26 Recently developed methods based on crosslinking and immunoprecipitation (CLIP) of miRISC proteins have allowed the direct identification of mRNAs bound by any miRNA, [27] [28] [29] providing us with a broader view of the nature of this regulation. These large data sets suggest the existence of extensive target repertoires for most miRNAs. This, however, does not exclude the possibility that, under certain conditions a single miRNA species may function predominantly as a regulator of one target. The repertoire of mRNAs expressed in a given cell is as important as that of the miRNAs. Whereas some cell types may express only a few targets of a particular miRNA, others may have an abundance of them, resulting in the dilution of the impact of a particular miRNA (Figure 1a , upper panels). 30 It is therefore critical to assess the influence of the miRNA in the context of specific cell or tissue types.
An interesting example of this is seen in a phenomenon called competing endogenous RNA (ceRNA), in which certain RNAs can act to titrate away miRNAs from their target mRNA ( Figure 1a, lower panel) . 31, 32 The HMGA2 transcript has recently been demonstrated to act as a ceRNA. 33 It was shown that the overexpression of HMGA2 mRNA promotes lung cancer progression via a mechanism that is independent of its protein-coding region, but rather reliant on the presence of let-7 target sites within its 3 0 UTR. These are thought to sequester let-7 away from the Tgfbr3 transcript, which as a result is upregulated in metastatic non-small cell lung cancer. Pseudogenes of several cancer-related genes have also been demonstrated to act as miRNA sponges, such as the PTENP1 pseudogene, which normally titrates miRNAs away from the PTEN tumour suppressor mRNA. 34 Similarly, long non-coding RNAs (lncRNA) have been implicated in the regulation of miRNA abundance in disease and development. For example, in liver cancer, the HULC lncRNA is upregulated and acts as a sponge for miR-372, which results in a deregulation of transcription. 35 Timing of myoblast differentiation has been shown to be dependent on the expression levels of linc-MD1 RNA, which competes for miR-133 binding with transcription factors that regulate muscle differentiation. 36 Recently, a new class of RNAs has been added to the repertoire of competing RNAs-circular RNA (circRNA), formed by the covalent linkage between the 5 0 and 3 0 ends of an exon by the spliceosome. 37 Two studies showed how a brain-specific circRNA acts as a sponge for a brain-specific miRNA, miR-7, particularly in the neocortex and hippocampus. 38, 39 CircRNA expression is regulated in a tissue-and development stage-dependent manner. CircRNAs are particularly stable as they are not susceptible to the standard RNA degradation pathways, which require linear molecules. The importance of these competing RNAs might manifest itself not only in the sequestration of miRNAs, but also through the direct or indirect binding of RNA-binding proteins.
The complexity of regulatory mechanisms involved in target recognition makes elucidation of the actual impact of individual miRNAs very difficult. Whereas direct molecular identification of miRNA-mRNA interactions is usually employed, comparison of expression profiles of miRNAs and potential target mRNAs in different cell types can help in this process. Normally, an anti-correlation in expression would be expected for a true miRNA-mRNA pair. However, some unexpected relationships can be uncovered, as highlighted in two publications that proposed a novel function for miRNAs as decoys for regulatory RNA-binding proteins. 40, 41 The first of these studies showed that miR-328 is bound by hnRNP E2 and sequesters it away from its mRNA targets. Patients with chronic myeloid leukaemia were found to have decreased expression of miR-328, meaning that there is less competition for hnRNP E2. As a result, hnRNP E2 is free to induce the translational inhibition of the key myeloid differentiation factor C/EBPa by binding to the 5 0 UTR of its mRNA. 40 A more recent study showed a similar relationship between HuR and miR-29, which prevents the protein from repressing the mRNA of tumour suppressor A20. 41 Future research may uncover involvement of more miRNAs in similar non-canonical mechanisms.
Initially, mature miRNAs were thought to be extremely stable molecules with little evidence for active degradation, which limited the scope of potential mechanisms for relief of miRNA-mediated repression. Subsequent studies have revealed that some miRNAs are readily turned over (Figure 2c) . 42 Indeed, this is highlighted in the results from the Filipowicz group showing very rapid activitydependent turnover of certain miRNAs in retinal neurons. 43 Such changes may allow quick up-or downregulation of localised miRNA targets required for neuronal activity. 44 Another example of miRNA destabilisation is provided by members of the miR-15/16 family, which have been shown to be specifically downregulated during re-entry of cells into the cell cycle from G0 arrest. 45 The exonucleases Xrn1 and Xrn2 have been implicated in the regulation of miRNA levels as to have modifications such as uridylation (for reviews see Grosshans and Chatterjee, 46 Kai and Pasquinelli 47 and Zhang et al. 48 ).
Steps to Repression
During the final steps of biogenesis, miRNAs are bound directly by members of the Argonaute protein family (Ago1-4 in humans), which form part of RISC, that also includes the GW repeat-containing protein GW182 (TNRC6A-C in humans) (for a recent review on the protein-protein interactions of these two proteins, see Pfaff and Meister 49 and Wilson and Doudna 50 ). Association of miRISC with an mRNA via base pairing with the miRNA is known to induce both translational repression and mRNA degradation. Whereas the mechanism of translational repression has remained elusive and controversial, the molecular underpinnings of mRNA destabilisation by miRNA are better understood. GW182 interacts not only with Ago proteins, but also with the poly(A)-binding protein (PABP), as well as recruiting the Ccr4-NOT and PAN2-PAN3 complexes, which trigger deadenylation, targeting the mRNA for degradation. [51] [52] [53] Recently, it has been shown that in Drosophila miRISC is capable of recruiting the decapping factors Dcp1, HPat and Me31B (DDX6 in humans) to miRNA-targeted mRNAs. 54 The relative contribution of proteomic approach to demonstrate that miRNAs elicit both translational repression and destabilisation of the mRNA. 25 A later study utilised ribosome protection assays, a relatively new method that involves immobilisation of translationally active ribosomes on mRNAs followed by isolation and highthroughput sequencing of RNAse-protected fragments. 55 The sequencing data were compared with total mRNA levels and proteomics data. 56 The analysis led the authors to draw the conclusion that the overwhelming majority of effects involved in the downregulation of expression of miRNA targets came from mRNA degradation, though a later reanalysis of the data revealed a greater degree of translational repression than previously thought. 57 Other studies have shown that miRNA-mediated repression is a time-sequenced process. There is now accumulating evidence that translational repression of miRNA targets is the primary event in the mechanism; several groups have demonstrated that repression can be seen without the necessity for mRNA degradation. [58] [59] [60] [61] [62] [63] [64] [65] In vitro studies showed that miRNA-mediated repression is a two-step process, the first of which affects translation of the target mRNA. 59, 66 These were followed by a series of reports that employed temporal studies to demonstrate that translational repression of miRNA targets precedes deadenylation and degradation in Drosophila, zebrafish and mammalian cells. [60] [61] [62] Utilisation of mRNA reporters possessing a poly(A) tail followed by a non-poly(A) sequence, which protects it from deadenylation, proved that translational repression does not require the removal of the poly(A) tail. 60, 61, 67, 68 In a recent work from our laboratory, we were able to show that repression is required for subsequent target degradation by determining that a miRNA target mRNA, which is resistant to miRNA-mediated translational repression, does not undergo degradation despite being bound by miRISC. 63 Consistent with the notion that not all miRNA-targeted mRNAs are ultimately degraded following translational repression imposed by RISC, several reports have demonstrated that a miRNA-repressed mRNA can be translationally reactivated (see next section for details; Figure 3b ).
Although many suggestions have been made regarding the precise step of translation affected by miRISC, from initiation, through elongation, ribosomal drop-off to polypeptide degradation, 69, 70 there is mounting evidence from the work of many groups pointing strongly in favour of an interference with the translation initiation process as being the target of miRNA function (Figure 3) . 58, [71] [72] [73] [74] [75] [76] [77] Studies comparing the translational activity of cap-dependent and reporter mRNAs containing internal ribosome entry sites (IRES) have been instrumental in shedding light on the onset of miRNAmediated repression. IRES elements, often present in viral genomes, are sequences that allow for cap-independent initiation of translation. IRES-driven translation has been studied extensively and much is known about the initiation factors required by many of these sequences to drive translation (for review see Thompson 78 ). Initial reports demonstrated that miRNA-mediated repression occurs only on capped mRNAs. 71, 75 Humphreys et al. 75 showed that a cricket paralysis virus (CrPV) IRES-driven mRNA is completely resistant to miRNA-mediated repression, whereas an mRNA bearing an encephalomyocarditis virus (EMCV) IRES and a poly(A) tail is still partially repressed. Given that the CrPV IRES requires no initiation factors to bind directly to the ribosomal subunits to trigger translation, 79 this was a strong indication that translational initiation was affected by miRNAs. Our group extended previous observations by directly This is mediated by the DEAD-box helicase eIF4A2, which might be clamping on to the 5 0 UTR and inhibiting 40S scanning. Another RNA helicase, DDX6, is likely also be involved in this process. Translational repression is followed by deadenylation of the mRNA by Ccr4-NOT deadenylases and subsequent decapping and degradation. The relative contribution of the two DEAD-box RNA helicases to the translational repression, degradation and decapping remains to be determined comparing cap-dependent miRNA target reporters with EMCV, hepatitis C virus (HCV) and CrPV IRES-bearing ones. Reporter mRNAs bearing the HCV and CrPV IRES were both resistant to repression, whereas an EMCV IRES-containing mRNA showed sustained sensitivity to miRNA. As of these three, the EMCV IRES is the only one to require the presence of eIF4F complex for translational initiation, we concluded that this complex can be directly implicated in translational repression by miRNAs. 63 Previous studies had demonstrated that in vitro an excess of eIF4F can cause mRNAs to overcome miRNA-mediated repression in Krebs ascites extract. 58 This observation was extended by a study in rabbit reticulocyte lysate (RRL), which established a role in miRNA-mediated repression for the C-terminal domain of eIF4G, which interacts with eIF3 and eIF4A. 80 This was also the first demonstration that 43S ribosomal scanning along the 5 0 UTR was important in the repression process. In agreement with this, a bioinformatic analysis revealed that mRNAs containing miRNA target sites are more likely to have highly structured 5 0 UTRs. 63 Unexpectedly, a detailed siRNA screen for eIF4F components revealed a role for the DEAD-box RNA helicase eIF4A2 in miRNA-mediated repression. 63 Previously thought to be a functionally redundant paralog of eIF4A1, 81 there is mounting evidence that eIF4A2 has distinct roles in the cell. 63, 82 Although earlier in vitro studies had shown both eIF4A1 and eIF4A2 can readily interact with eIF4G as part of the eIF4F complex, 81, 83 our in vivo data suggest that eIF4A2 preferentially binds to the CCR4-NOT complex rather than to eIF4G.
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CNOT1, the core component of the Ccr4-NOT complex, has been recently shown to possess a MIF4G domain, a structural domain very similar to the middle domain of eIF4G that harbours the eIF4A binding site. 84 The MIF4G domain of CNOT1 resides within the region required for interaction with the deadenylases CNOT7 and CNOT6; however, the interaction interface is located on the opposite side to the putative eIF4A interaction face. 85, 86 A third paralog of the eIF4A family-eIF4A3, a core component of the exon-junction complex-rather than unwinding secondary structure, acts as a clamp on RNA. 85 It is therefore possible that inhibition of translation initiation by miRISC may occur via enforcement of a similar closed conformation on eIF4A2 by its binding partners and this would inhibit 43S ribosome scanning of the 5 0 UTR of the target mRNA (Figure 3) . A growing body of evidence suggests that the involvement of another DEAD-box RNA helicase in the translational repression. DDX6 (RCK-p54, Me31B in Drosophila) is a DEAD-box RNA helicase involved in mRNA destabilisation by enhancing decapping and is a core component of P-bodies. 87 It has been suggested to form part of the miRISC complex in human cells and its depletion caused partial relief of miRNAmediated translational repression. 88 In Drosophila, it interacts with other decapping enhancers, including HPat (Pat1 in humans), which in turn interacts with the CCR4-NOT complex, 89 providing a link between the deadenylation and decapping steps of mRNA degradation. A recent study shows CNOT1-dependent association of HPat with GW182. 90 These results suggest that DDX6 may participate in the aggregation of miRISC-associated mRNAs in visible P-bodies, where mRNA deadenylation, decapping as well as storage can occur. Moreover, three groups have recently described that DDX6 interacts with the MIF4G domain of CNOT1. [91] [92] [93] Translational repression of reporter mRNAs tethered to either DDX6 or CNOT1 was shown to be dependent on this interaction. Furthermore, the ATPase activity of DDX6 is stimulated by CNOT1 and this activity is important for the function of DDX6 in miRNA-mediated repression. 91 It is not yet known whether the DDX6-CNOT1 interaction is critical for translational repression or the subsequent destabilisation of the mRNA.
The relative interplay and relevance of the two helicases, DDX6 and eIF4A2, in miRNA-mediated repression requires further investigation (Figure 3) . It remains to be determined whether the association of CNOT1 with a DEAD-box RNA helicase requires additional binding partners, as their functionality has been shown to be dependent on associated proteins. 87, 94, 95 The activity of RNA helicases is important in unwinding secondary structure of RNA in vivo. 96 Thus, as miRNA-mediated translational repression appears to be dependent on a DEAD-box helicase, the complexity of 5 0 UTR sequences may have evolved to contribute to the miRNA pathway. 63 Translational repression of miRNA-targeted mRNAs is usually followed in short succession by their degradation, which is initiated by the Ago2-and GW182-dependent recruitment of deadenylase complexes. 9, 11, 12 There are two such complexes in eukaryotes: the multi-protein, 1 MDa Ccr4-NOT, and the two-subunit Pan2-Pan3 complex (for extensive reviews of their structure and function, see Wahle and Winkler 97 and Collart and Panasenko 98 ). The Ccr4-NOT complex comprises two catalytic subunits-Ccr4 (CNOT6 and CNOT6L in mammals) and Caf1 (CNOT7, CNOT8 and Caf1z in mammals). CNOT1 protein is considered to function as a recruitment scaffold for the remaining components of the complex as well as other interacting proteins. Ccr4 is bound to Caf1, which in turn interacts with the MIF4G domain of CNOT1. 71, 99 As for the Pan2-Pan3 complex, Pan2 possesses deadenylase activity, whereas it is believed that the complex is canonically recruited to mRNA through Pan3-binding PABP via a PAM2 domain. 100 A number of reports have convincingly demonstrated that miRISC recruits the Ccr4-NOT complex to trigger deadenylation and degradation of the mRNA target. Initially shown to cause deadenylation that leads to subsequent decapping, 11, 13, 14 this complex has been demonstrated to interact with sequences within the tryptophan-rich C-terminal silencing domain of GW182 (TNRC6 in human). 51, 53, 101 The protein responsible for binding to GW182 is the scaffold protein CNOT1, and binding studies have revealed that similarly to Caf1 association, the interaction with GW182 is mediated by the middle domain of the protein. 86 New data show that Ccr4-NOT can also bind to the W-rich region of TNRC6 via CNOT9, which in turn is bound to CNOT1, indicating there are multiple interaction sites between RISC and CCr4-NOT, the relative importance of which is not yet fully understood. 91, 92 Initial studies suggested that the Pan2-Pan3 complex either has a minor role in miRNA target deadenylation and destabilisation or is active on a subset of mRNAs. 14, 52 Its interaction with miRNA targets is facilitated by interaction of
The complexity of miRNA-mediated repression A Wilczynska and M Bushell Pan3 with the C-terminal domain of GW182. 52, 53 Recently, Pan3 was demonstrated to exist as an ATP-binding homodimer, which forms the W-binding pocket required for recruitment to miRNA target mRNAs via GW182. 102 It is as yet unclear whether the deadenylase complexes have redundant function or introduce an additional regulatory element to miRNA-mediated repression.
Aside from its activity in deadenylation, components of Ccr4-NOT, namely CNOT7 (Caf1) and CNOT8 (Pop2), have been shown to repress translation in Xenopus oocytes independently of their deadenylase activity, which suggests that they mediate the recruitment of a repressor complex to the mRNA. 103 Interestingly, the eIF4F complex has been implicated in their intrinsic repressive function. Similar effects on translation have been reported for dCaf1 and human CNOT1 in S2 cells. 53 Repression seen upon tethering of GW182 to an unadeylated reporter mRNA was completely relieved upon NOT1 or Pan3 depletion, 52 strengthening the notion that deadenylation is only one of the pathways in which these complexes exert post-transcriptional regulation.
It should be noted that, for certain miRNA target reporter mRNAs, knockdown of NOT1 and PAN3 in Drosophila cells did not result in translational derepression, whereas for others, complete restoration of translation was observed. 52, 104 This may indicate that mRNAs may undergo differential regulation following miRISC binding, some being predominantly translationally repressed, whereas others undergoing very rapid decay. 62 This would introduce additional levels of post-transcriptional control and allow reactivation of some targets. Future work may reveal sequence determinants that govern such differential effects, and potentially also cell-and tissue-specific regulation.
PABP has been shown to have an important role in the miRNA pathway. It interacts with the TNRC6/GW182 proteins via the silencing domain, which compete with eIF4G for binding. 59, [105] [106] [107] [108] The concomitant binding of PABP and the Ccr4-NOT complex 105 directs deadenylation of the mRNA. 59 Not surprisingly therefore, the poly(A) tail is a contributing cis factor in miRNA-mediated repression and longer poly(A) tails have been shown to confer greater repressive effects on the mRNA. 63, 109, 110 Indeed, the role of the poly(A) tail was highlighted in a study describing the recapitulation of miRNA-mediated repression in RRL, where free poly(A) was shown to act in trans to stimulate miRNA-mediated repression in nuclease-treated RRL, possibly by modulating the interaction of PABP with eIF4G. 80 Importantly, PABP has been recently demonstrated to dissociate from the poly(A) tails of miRNA-targeted mRNAs in the absence of deadenylation and this effect was triggered by the recruitment of the Ccr4-NOT complex by RISC, 111, 112 which could be an additional contributing factor to translational repression as PABP is known to stimulate translation by stabilising the mRNA closed-loop.
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Regulation of miRISC and its Functional Diversity
Modulation of miRNA expression can result in global changes in gene expression. However, rearrangement and modification of miRNP particles and their mRNA component in response to intra-and extracellular queues can also improve the cell's ability for rapid response and adaptation. Below we discuss some examples of how components of the miRNA repression pathway are regulated by post-translational modifications and by accessory proteins (summarised in Table 1) .
Mass spectrometry studies have revealed multiple phosphorylation sites in Ago2 and that phosphorylation at Y529 in the RNA-binding pocket changes the protein's ability to bind small RNA, suggesting a mechanism for the alternate binding and release of miRNAs. 115 Phosphorylation of Ago2 by AKT3 and MK2 at S387 has been shown to enhance miRNAmediated translational repression of endogenous miRNA targets. This is likely due to enhanced interaction of phosphorylated Ago2 with GW182 and P-bodies. 116, 117 Two recent studies investigated the role of Ago2 in stress response. One showed that EGFR induces phosphorylation of Y393 of Ago2 in hypoxia, which in turn inhibits miRNA maturation, possibly contributing to tumour cell survival. 118 The second used CLIP followed by high-throughput sequencing (CLIP-seq) to detect the increased interaction of Ago2 with many mRNAs and a release of a subset of mRNAs translated following arsenite stress. 28 This remodelling of Ago2 mRNPs may well be caused by post-translational modifications. In addition to the above-mentioned phosphorylation events, Ago2 hydroxylation has been shown to stabilise the protein and enhance miRISC function following hypoxia. 119, 120 Conversely, ADP-ribosylation of Ago2 upon oxidative stress has been shown to lead to the relief of miRNAmediated repression. 121 It is possible that different stress stimuli result in different responses of the miRNA machinery. Most recently, Ago2 has been shown to be sumoylated at Lys402 negatively affecting its stability. 122 Several years ago, TRIM-NHL proteins, which are thought to function as E3 ubiquitin ligases, were demonstrated to interact with the miRNP complex. 123 The Caenorhabditis elegans protein nhl2 was shown to enhance miRNA activity, but only for several specific miRNAs. 124 The mouse protein TRIM32, which is non-symmetrically distributed in neural progenitor cells and induces their differentiation, co-immunoprecipitates with certain miRNAs, and has been suggested to specifically enhance the activity of let-7 in neuronal differentiation. 125 The possibility of asymmetric distribution of miRNAs in association with proteins such as TRIM32 to establish cell fate is an intriguing possibility. Other TRIM-NHL proteins have been implicated in the miRNA pathway in Drosophila. 126 Another member of this family, TRIM71-itself a miRNA target, has been shown to be involved in a complex network of interactions with the miRNA pathway (reviewed in Ecsedi and Grosshans 127 ). TRIM71 has been proposed to target Ago2 for proteasomal degradation in mouse embryonic stem cells and neural progenitor cells, 128 but this claim was later challenged with the suggestion that it in fact enhances miRNA function through its interaction with miRISC, possibly by exerting additional translational repression itself. 101 Moreover, although TRIM71 was also shown to be inactive in neural progenitor cells as a factor mediating Ago2 ubiquitination, it does affect AKT signalling, 129 which may in turn affect Ago2 function, as discussed above. More recently, Ago2 was shown to be regulated via ubiquitination in T-cell activation, resulting in global downregulation of miRNAs in these cells. 130 The complexity of miRNA-mediated repression A Wilczynska and M Bushell
The core RISC protein TNRC6 (GW182) was originally identified as an autoimmune antigen and was shown to be a phosphoprotein localising to cytoplasmic foci. 131 It is still unclear which of the many putative phosphorylation sites within this large protein are actively modified. TNRC6 is known to interact with the C-terminal MLLE domain of PABPC via its PAM2 motif. 132 This intrinsically disordered region surrounding the TNRC6C PAM2 motif contains many potential phosphorylation sites. Phosphatase treatment of TNRC6C results in an increased interaction with PABPC. 133 It was therefore proposed that, in light of the recent demonstration that PABPC enhances miRISC binding to target mRNA in the early stages of translational repression, 111 differential phosphorylation may be responsible for stronger interactions between the two proteins at the initial phase, and weaker binding at the onset of deadenylation. More research is required to understand the roles of phosphorylation of this important protein.
Little is known about the regulation of Ccr4-NOT complex function despite its central importance in mRNA metabolism. Several accessory proteins have already been identified, although how and when they affect the function of the complex remains unknown. 97 Some components of the yeast Ccr4-NOT complex, namely Not4p, Not1p and Caf1p, have been The complexity of miRNA-mediated repression A Wilczynska and M Bushell shown to be phosphoproteins, 134 but nothing is yet known about their higher eukaryote counterparts.
PABP may also modulate miRNA activity. The extent of miRNA-mediated repression has been shown to be dependent on levels of the protein. 110, 135 Paip2 is a negative regulator of PABP function, and acts by competing with eIF4G for interaction with PABP. 136, 137 In accordance with the effects of PABP overexpression, increased levels of Paip2 were shown to enhance miRNA-mediated repression. 110 PABP also undergoes a number of posttranslational modifications, 138, 139 which may in the future be shown to influence its effects in the miRNA repression pathway.
Cellular mechanisms that counteract miRNA function are only beginning to emerge, but understanding them will no doubt reveal the complexity of regulatory mechanisms these small RNA molecules are involved in. Localisation of mRNA, miRNAs and translational machinery in neurons has received much attention as rapid spatially restricted protein production at the synapse can have an important role in regulation of neuronal plasticity (for review of miRNAmediated repression at the synapse, see Schratt 44 ). Stimulus-dependent relief of repression of miRNA targets has been demonstrated for local synaptic translation. 140, 141 There is evidence of activity-dependent destabilisation of the RISC component MOV10 (Armitage in Drosophila) at the synapse, an event that leads to release of certain dendritically localised mRNAs from RISC and their subsequent upregulation (Figure 2b) . [141] [142] [143] [144] [145] Stress conditions were the focus of two elegant studies from the Filipowicz lab that demonstrated how another mRNA-binding protein, HuR, can cause the relief of miRNA-mediated repression of the CAT-1 mRNA by evicting miRISC (Figure 2b) . 72, 146 Whether modifications of the components of RISC are involved in this mechanism is unknown, although HuR does not appear to interact directly with the complex. More recently, a transient relief of miRNA-mediated repression was shown to be involved in the early stages of macrophage activation upon exposure to lipopolysaccharide. 99 This effect is mediated by the temporary increase in Ago2 phosphorylation, which decreases its association with miRNAs, thereby releasing pro-inflammatory target mRNAs to initiate immune response. In primordial germ cells, the RNA-binding protein Deadend (Dnd1) was shown to protect a subset of miR-430 targets from repression by occluding the target site. 147 DAZL, which is known to promote translation in oocytes and embryos, 148 was also shown to antagonise miR-430 on its mRNA targets in primordial germ cells. 149 The multifunctional RNA-binding protein PTB has been demonstrated to also be a regulator of miRNA function in the control of cell differentiation. 150 Strikingly, depletion of PTB resulted in transdifferentiation of fibroblasts into neurons. This effect is primarily due to PTB normally competing with miRNAs that repress negative regulators of neuronal differentiation. Interestingly, the study shows that for a subset of mRNAs PTB actually enhances miRISC binding by modifying the structure of the 3 0 UTR. Time will tell whether this multifunctional protein has set a paradigm for the coordinated regulation of gene expression by RNA-binding proteins and miRNAs.
Conclusions
Many high-profile publications of recent years have highlighted the importance of miRNAs as critical factors contributing to the complexity and specificity in the control of mRNA translation and turnover. The diverse networks through which miRNAs exert their biological functions in development, differentiation and disease are only beginning to be elucidated. The effect of miRNA gene knockout is often not obvious in the phenotype under normal conditions, [151] [152] [153] [154] [155] only to become apparent in certain cellular contexts or under stress conditions, highlighting the importance of miRNA in the 'micromanagement' of gene expression. More questions remain about the specific protein interactions that are involved in the inhibition of translational initiation by miRNAs. However, a better understanding of the mechanism of miRNA-mediated control of gene expression opens up the possibility of manipulating the pathway in therapeutic, diagnostic and preventive interventions.
Nonetheless, practical applications targeting miRNA function are already beginning to emerge. Indeed, clinical trials using a miR-122 antagonist as a treatment for chronic HCV infection have shown very promising results.
156 miR-122 acts upon HCV in an unusual manner, targeting its 5 0 UTR to promote viral replication. 157 Interestingly, miR-10a has also been implicated in targeting the 5 0 UTR sequences of endogenous mRNAs. Unlike the canonical function of miRNAs in inhibition of gene expression, miR-10a was shown to upregulate translation of 5 0 -terminal oligopyrimidine mRNAs by binding to their 5 0 UTR. 158 Several reports have also suggested that cellular conditions may impart activating capability to miRNAs targeting sites in the 3 0 UTR, such as the upregulation of TNFa translation by miR-369-3p in quiescent cells. 159 Understanding the scope and mechanism of this unusual activity requires further studies. These examples underscore the breadth of regulatory activities of these small but powerful RNAs.
Notes Added in Proof
A new publication by Zhang et al. has shown that specific upregulation of translation is mediated by the binding of Ago2 in complex with miRNAs to mitochrondrially encoded mRNAs during muscle differentiation. The ceRNA theory has recently been challenged by a study in mice that showed that for high-abundance miRNAs, like miR-122, achieving the required concentration of a physiologically relevant ceRNA is unrealistic: Denzler R, Agarwal V, Stefano J, Bartel DP, Stoffel M. Assessing the ceRNA hypothesis with quantitative measurements of miRNA and target abundance. Mol Cell 2014; 54: 766-776.
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